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Purpose: To describe variations in the shape, orientation, and length of the branches of multi-branched thoracoabdominal
stent grafts.
Method: The branches were constructed in situ by attaching a covered stent (Fluency Plus Tracheobronchial Stent Graft;
Bard Peripheral Vascular, Tempe, Ariz) to each of four caudally-oriented cuffs on custom-made stent grafts. Pre- and
postoperative computed tomography (CT) scans of 38 consecutively treated patients were analyzed using a three-
dimensional work station to give the orientation of celiac, superior mesenteric, and right renal and left renal orifices
relative to the centerline of the aorta (planned cuff orientation [PCO]) and relative to the centerline of the stent graft
(actual vessel orientation [AVO]). The orientation of each cuff (actual cuff orientation [ACO]) was alsomeasured relative
to the centerline of the stent graft. These values were used to assess the degree of stent graft malorientation (ACO-PCO),
or cuff-to-artery misalignment (ACO-AVO), and combined with measurements of branch length to calculate the
resulting lateral displacement (arc distance [AD]) between each cuff and its corresponding arterial orifice and the angle
(longitudinal branch angulation [LBA]) between the long axis of the branch and the long axis of the aorta, all in the plane
of the aortic surface.
Results:All 136 branches were inserted as intended. None has sincemigrated, disconnected, or kinked. Inmost cases, stent
graft orientation was accurate, with a mean ACO-PCO of 18.4  12.1 degrees. Cuff-to-artery misalignment was
correspondingly low, with a mean ACO-AVO of 19.8 14.0 degrees. More than 30 degrees of misalignment was present
in 23.2% of branches, yet only 9% (n  12) had an LBA of >30 degrees.
Conclusion:Moderate degrees of cuff-to-artery misalignment had no effect on the feasibility of multi-branched stent graft
insertion. (J Vasc Surg 2010;51:572-6.)Multi-branched endovascular repair of thoracoabdomi-
nal aneurysm (TAAA) is an emerging technique with great
potential.1-9 Until recently, all branched stent grafts were
custom-made to reflect individual patient anatomy. How-
ever, customization, and the attendant delay in therapy,
may not be necessary in every case.10 The self-expanding
covered stents, which connect the cuffs of the stent graft
with the visceral arterial branches of the aorta, can bend or
overlap to varying degrees, creating branches of varying
shape and length.2
This study examines the accuracy of stent graft deploy-
ment in a series of custom-made multi-branched stent
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572grafts, together with the effects on cuff-to-artery align-
ment, the feasibility of branch insertion, and branch mor-
phology. The goal is to assess the extent to which intraop-
erative changes in branch morphology could potentially
substitute for preoperative changes in stent graft design.
METHODS
The planning, manufacture, and insertion of a
multi-branched stent graft. Multi-branched endovascu-
lar TAAA repair has already been described in articles
spanning almost a decade.1,2,4,5 However, some aspects of
stent graft design and implantation, relating to the causes
and effects of branch misalignment, deserve emphasis here.
The stent grafts in this series all carried four caudally-
oriented cuffs (Fig 1), which served as attachment points
for the branches. The proximal end of each 18-mm-long
cuff opened to the inside of the stent graft, and the distal
end to the outside. Any catheter, or branch, exiting the
outer end of the cuff passed in a caudal direction down the
aorta on its way to the visceral artery orifice, curving clock-
wise or anti-clockwise, depending on the direction of cuff
malorientation. The effects of cuff/artery misalignment
are, therefore, manifest in both transverse and longitudinal
planes.
n a n
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ual patient anatomy. One might, therefore, expect the
orientation of each cuff on the stent graft to reflect the exact
orientation of the target artery as shown on a preoperative
computed tomographic angiography (CTA), but in prac-
tice, a precise match is rarely possible due to constraints on
cuff position. Each cuff has to fit into one of 12 spaces
between stent struts at 30-degree intervals around the
surface of the stent graft. Moreover, adjacent 6 to 8 mm-
wide cuffs have to be separated by at least 45 to 60 degrees
for lack of space on the relatively narrow (18-mm) central
cuff-bearing segment of the stent graft. A similar constraint
applies to the longitudinal position of each cuff, which has
to lie completely within the span of a single 18-mm-long
stent.
Even greater disparities between planned cuff orienta-
tion and actual cuff orientation result from imperfect con-
trol over stent graft deployment. First, the planned cuff
orientation assumes that the stent graft lies exactly on the
centerline of the aorta, which is often not the case. Second,
Fig 1. Photograph showing four caudally-oriented cuffs o
Fig 2. A transaxial representation of computed tomographic an-
giography (CTA), showing measurement of a planned cuff orien-
tation (red arrow) relative to a line (white arrow) through the
centerline of the aortic lumen.the axial orientation of the stent graft is sometimes difficultto control. The radio-opaque markers only provided reli-
able information on stent graft orientation after deploy-
ment, by which time any attempts at reorientation carry a
risk of twisting the stent graft or dislodging mural throm-
bus.
Measurements. All measurements were made from
reconstructed CTA images using the Aquarius three-
dimensional (3D) work station (TeraRecon, Inc, v.3.7.0.7,
San Mateo, Calif). We measured three angles, planned cuff
orientation (PCO), actual cuff orientation (ACO), and
actual vessel orientation (AVO), for the celiac artery (CA),
superior mesenteric artery (SMA), and both left and right
renal arteries (LRA and RRA). Each angle was measured on
a single transaxial representation of 3D anatomy by degrees
of rotation from the direct anterior (12 o’clock) orientation
using the angle measurement function of the TeraRecon
arrow (18-mm-wide) segment of the standard stent graft.
Fig 3. A diagram showing how the difference between actual cuff
orientation (blue arrow) and actual vessel orientation (red arrow)
projects to the surface of the aorta as an arc length (black arrow).software. The PCO was measured relative to the center of
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measurements (ACO and AVO) were made relative to the
center of the cuff-bearing segment of the stent graft on the
first postoperative CTA (Fig 3).
Analysis. In the absence of any real change in the axial
orientation of visceral arterial orifices, PCO and AVO are
essentially the same. The only difference between them is
in the central reference point: PCO is measured relative to
the center of the aorta, and AVO is measured relative to
the center of the stent graft. The PCO was compared
to ACO as a measure of deployment accuracy (ACO-
PCO), whereas AVO was compared to ACO as a measure
of cuff-to-artery alignment (ACO-AVO).
Branch length, the distance from a marker at the outer
orifice of the cuff to the orifice of the visceral artery, was
measured in twodirections (Fig 4). True branch length (TBL)
was the 3D length of the branch, derived using the centerline
vessel length measuring function of the TeraRecon soft-
ware. The longitudinal branch length (LBL) was the length
of the branch in an axial direction, as displayed on a coronal,
or sagittal, projection of the branch. This was the distance
between the transaxial planes containing the proximal and
distal ends of the branch. It was also the length one would
see on fluoroscopy during deployment.
The angle ACO-AVO was projected out in a radial
direction to the aortic surface to give an arc length (AL)
between the angular positions of the cuff and the arterial
orifice (Fig 2). The AL was used, in conjunction with LBL
Fig 4. A diagram showing how true branch length (TBL) is
measured as the distance between a marker at the outer end of the
cuff and the orifice of the target artery, whereas longitudinal
branch length (LBL) is measured as the axial displacement be-
tween these two landmarks.and BL, to calculate the longitudinal branch angle (LBA).As depicted in Fig 5, the LBA is the angle between the
longitudinal orientation of the stent graft and the longitu-
dinal orientation of the branch. A plot of AL on the x-axis
against longitudinal branch length (LDL) on the y-axis
(Fig 6) was used to display the relative positions of the cuffs,
and visceral arteries projected outward onto the surface of
the aorta.
All these calculations neglected z-plane effects on the
grounds that the distance between the stent graft and the
wall of the aorta was generally quite small, and the resulting
branch angulation would be correspondingly small. Be-
sides, z-plane effects lie beyond the scope of the current
investigation because they are not addressed by the variable
elements of a typical customized stent graft, which is de-
signed to optimize the circumferential alignment of the
cuffs relative to the visceral artery orifices, regardless of the
radial displacement.
RESULTS
Between November 2005 and December 2008, 38
patients underwent multi-branched endovascular aortic an-
eurysm repair for TAAA using 136 caudally-oriented
branches to 136 visceral arteries. All 136 were inserted as
planned. None has since migrated, disconnected, or
kinked.
The mean difference between the ACO-PCO cuff ori-
entation is shown in the first column of the Table. The
ACO-PCO was 30 degrees in 21.3% (29/136) of all
branches and 45 degrees in 3.7% (5/136).
In most cases, the arc subtended by the transaxial angle
Fig 5. A diagram showing the longitudinal branch angle (LBA),
the longitudinal branch length (BL), and the arc length (AL).between the cuff and the corresponding visceral orifice was
rifice
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a result, the degree of transaxial misalignment (ACO-AVO)
was generally larger than the degree of LBA, as shown in
the last two columns of the Table.
DISCUSSION
The findings of this study show how much cuff-to-
artery misalignment the multi-branched stent graft can
tolerate without compromising the repair. What this study
Fig 6. The positions of the arterial o
Table. Branch length (mm) and various indices of branch
ACO-PCO
(mean  SD)
AC
(mea
CA 18.1  11.6 18.9
SMA 18.2  11.4 20.3
RRA 16.9  12.3 17.9
LRA 20.5  13.4 21.2
All branches 18.4  12.1 19.8
Percent 30 21.3% 2
Percent 45 3.7%
ACO-PCO, Actual cuff orientation-planned cuff orientation; ACO-AVO, a
LBA, longitudinal branch angle; CA, celiac artery; SMA, superior mesenter
ACO-PCO is a measure of the accuracy of stent graft orientation, ACO-AV
branch angulation in a longitudinal plane.cannot assess, in the absence of any failed attempts atbranch insertion, is what the technique will not tolerate and
what extremes of misalignment are insurmountable. Nev-
ertheless, given the observed range of variation in the
relative positions of the visceral artery orifices10 and the
demonstrated potential for intraoperative customization of
branch morphology, the substitution of a standardized
off-the-shelf stent grafts for the usual customized stent
graft may be feasible in selected cases.
Clearly, one cannot advocate widespread use of an
s relative to the corresponding cuffs.
lation (degrees)
O
SD) LBL (mm)
LBA
(mean  SD)
1.6 22.2  10.9 15.3  11.0
5.5 19.9  9.4 16.2  12.2
3.4 23.9  8.9 14.4  14.4
5.8 23.7  8.9 13.0  8.6
4.0 22.3  9.6 14.8  11.7
17.2% 9.0%
3.0% 2.2%
cuff orientation-actual vessel orientation; LBL, longitudinal branch length;
ry; RRA, right renal artery; LRA, left renal artery.
measure of branch angulation in a transaxial plane, and LBA is a measure ofangu
O-AV
n 
 1
 1
 1
 1
 1
3.2%
5.8%
ctual
ic arte
O is aoff-the-shelf stent graft based solely on observations in a
JOURNAL OF VASCULAR SURGERY
March 2010576 Park et alseries of custom-made stent grafts. For one thing, the
misalignment of a custom-made stent graft is caused solely
by inaccurate deployment, whereas the misalignment of an
off-the-shelf stent graft also results from a variable degree of
mismatch between cuff distribution and visceral artery dis-
tribution.
An off-the-shelf alternative has several advantages, es-
pecially in patients with large, or symptomatic, aneurysms
who cannot wait 2 months for a custom-made stent
graft. The standardized off-the-shelf stent graft is also a
better candidate for regulatory approval. The custom-
made equivalent comes in many forms, and the need to
stratify study results might make it difficult to achieve
the necessary numbers. One cannot, for example, bundle
branched stent grafts combining cuff-bearing stent
grafts and caudally-oriented self-expanding covered stents
with branched stent grafts combining fenestrated stent
grafts and transversely-oriented, balloon-expanded, cov-
ered stents.3,6,7,9 Although both are modular multi-
branched stent grafts, they perform quite differently. We
believe axially-oriented cuffs increase the distance between
the intercomponent attachment site and the target artery,
allow greater variability in branch morphology, and have
greater potential for off-the-shelf alternatives to custom-
ized manufacture.
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